We have amplified, by the polymerase chain reaction, and have sequenced the Dloop region of the mitochondrial DNA from the sperm whale (Physeter macrocephalus). The sperm whale D-loop was aligned with D-loop sequences from four other cetaceans (Commerson's dolphin, orca, fin whale, and minke whale) and an outgroup (cow). This alignment showed the sperm whale sequence to be larger than that of other cetaceans. In addition, some sequence blocks were highly conserved among all six species, suggesting roles in the functioning of mitochondrial DNA. Other blocks that were previously reported to be well conserved among cetaceans showed little sequence conservation with the sperm whale D-loop, which argues against the functional importance of these sequence blocks in cetaceans.
Introduction
Of the various DNA sequences that can be used to determine genetic differences between individuals, one of the most attractive to population and evolutionary biologists is mitochondrial DNA (mtDNA). Important features of the vertebrate mitochondrial genome include the high mutation rate, which is estimated to be 5-10 times that of single-copy nuclear DNA (Brown et al. 1979 (Brown et al. , 1982 ; its stable gene content and arrangement (Wilson et al. 1985) ; the homogeneity of mtDNA types within individuals (Wilson et al. 1985) ; and the matrilineal inheritance with very low probability of paternal leakage (Lansman et al. 1983; Gyllensten et al. 1985; Avise and Vrijenhoek 1987 ; but see discussion by Avise 199 1). One part of the animal mitochondrial genome, the D-loop or control region, the focus of many mtDNA studies, is the most variable portion of the mitochondrial genome, with a rate of mutation estimated to be as much as five times that of the rest of the mitochondrial genome (Aquadro and Greenburg 1983) . Within this highly divergent sequence, however, there are nucleotide blocks that have been well conserved. Three conserved sequence blocks (CSBs) were identified in an alignment of mouse and human D-loop regions ( Walberg and Clayton 198 1) . Since then, much attention has been given to the identification of CSBs in other species [e.g., rat (Brown et al. 1986 ), hominids (Foran et al. 1988) , and Xenopus (Bogenhagen and Morvillo 1990)] and to the elucidation of the roles of these elements. Chang and Clayton ( 1985) reported that, in humans, CSB elements are implicated in the proper transition from RNA to DNA synthesis. Bennett and Clayton ( 1990) showed that RNase MRP (mitochondrial RNA processing), an endonuclease involved in mtDNA replication, requires CSBs for efficient cleavage. A conserved D-loop sequence has also been suggested to be important for the functioning of a bovine endonuclease that may be necessary for mtDNA replication (Low et al. 1987) .
The D-loop sequences for four cetaceans have been published. Alignments of these sequences have shown that the cetacean D-loop has been well conserved, especially in the central region (Southern et al. 1988; Arnason et al. 199 1; Hoelzel et al. 199 1) . The D-loop sequence from the sperm whale (Physeter macrocephalus) was compared with that of other cetaceans. The sperm whale is an outlier among odontocetes (toothed whales). The sperm whale possesses distinct morphological features, such as the spermaceti organ, and, with the pygmy sperm whales (Kogia species), shares a karyotype unique among cetaceans ( Arnason and Benirschke 1973; Arnason 1974) . Immunological evidence also suggests that sperm whales may have split off from other cetaceans early in evolution (J. Clayton, personal communication ) . In this report we present the D-loop sequence of the sperm whale and compare it with published sequences for orca (Orcinus orca) and minke whale (Balaenoptera acutorostrata) (Hoelzel et al. 199 1)) Commerson's dolphin ( Cephalorhynchus commersonii) (Southern et al. 1988) , fin whale (Balaenoptera physalus) ( Arnason et al. 199 1) ) and cow (Bos taurus) (Anderson et al. 1982) . The bovine sequence is a suitable comparison, given that evidence provided by fossil records (Barnes et al. 1985) and DNA hybridization studies (Milinkovitch 1992) indicates a common ancestry for ungulates and cetaceans. While previous reports of cetacean D-loops have shown much conservation of sequence, less conservation is evident between the sperm whale and other cetacean D-loop sequences.
Material and Methods

Collection of Sperm Whale Samples
Fieldwork was conducted from a sailing yacht off the Galapagos Islands, Ecuador (2'S_l"N, 89-93"W) , between April and May 1989, and off mainland Ecuador (3"S-2"N, 80-83" W), between January and March 199 1. Sloughed skin was collected in the wake of swimming whales or in the "slick" left behind when the whale began a deep dive. Skin was usually collected from the deck by using a dip net, although snorkelers with hand nets were also employed. While at sea, samples were preserved in a 20% dimethyl sulfoxide NaCl-saturated solution. Care was taken to thoroughly clean dip nets between samples, and all skin was handled with forceps, to reduce the possibility of human contamination.
After the completion of the field season, samples were frozen. DNA was also obtained from tissue collected from a stranded sperm whale off Prince Edward Island, Canada. DNA was extracted from skin by the method of Amos and Hoelzel ( 199 1).
PCR Amplification of the D-Loop, Cloning, and Sequencing
The D-loop region of the mitochondrial genome from sperm whale was amplified by using the polymerase chain reaction (PCR; Mullis et al. 1986 ). Primers for amplification of sperm whale DNA were designed on the basis of the published orca sequence (Hoelzel 1989) , to which EcoRI recognition sites were added. One primer annealed to tRNAThr (5'-TCACCGGTGAATTCCCCGGTCTTGTAAACC-3'), while the other annealed to tRNAPhe (5'-CAGAATTGGAATTCATTTT-CAGTGTCTTGCTTT-3 '). PCR was carried out in a lOO-~1 volume containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2 mM MgCl*, 200 uM each dNTP, primers at 0.5 FM each, and 2.5 units of Taq polymerase. Thirty cycles were done, each consisting of melting at 94°C for 1 min, annealing at 50°C for 2 min, and extension at 72°C for 1 min. The PCR products were purified using GeneClean (Bio 10 1) and were cloned into M 13 by using standard procedures (Messing 1983) .
DNA from single-stranded and replicative forms of Ml 3 was sequenced by the dideoxy method (Sanger et al. 1977) . A set of nested deletions were generated by exonuclease III / mung-bean nuclease digestions ( Henikoff 1984 ) , and the sequence for one whale was determined from at least two deletion clones for each section of the D-loop. The sequence of the complementary strand was determined from doublestranded DNA by using 17-mer synthetic oligonucleotide primers complementary to sequences of the D-loop. The tRNAs adjacent to the D-loop ( tRNAPro and tRNA Phe) were sequenced and thus defined the beginning and end points of the D-loop.
Sequence Alignment
The sperm whale D-loop sequence was aligned with sequences from other cetaceans and from an outgroup (cow) by using the microcomputer multiple-sequencealignment program CLUSTAL, with gap = 5, k-tuple = 2, and transitions unweighted (Higgins and Sharp 1988) .
Results and Discussion
The D-loop of sperm whale mtDNA was amplified, by PCR, from sloughed skin of five individuals and of one tissue sample from a stranded whale. Each sample produced a product of identical size, indicating that the products derived from sloughed skin were not due to contamination with other DNA ( fig. 1 ). The size of the sperm whale D-loop, excluding the length of the primers and adjacent tRNA pro, was estimated to be slightly less than 1,000 bp in length (sequencing revealed it to be 953 bp). An alignment of cetacean and bovine D-loop sequences is shown in figure 2. An analysis of conserved sequences of the D-loop is shown in figure 3. Although some sequences previously identified as conserved blocks are not well conserved in sperm whale, they have been included here in order to facilitate comparison with previously published work.
Block F is conserved in all six species; only the fin whale exhibits one nucleotide substitution.
In the alignment presented by Southern et al. ( 1988) , this block is also well conserved in dolphin, cow, mouse, and human, with 75%-100% similarity to the dolphin sequence. The conservation of this region suggests that it may have an important function in mtDNA. Southern et al. ( 1988 ) also reported that blocks B-E are highly conserved between the four mammals. This is not the case for the sperm whale sequence, as it differs markedly in these regions.
Blocks L and M have been found only in cetacean and bovine sequences (Anderson et al. 1982; Southern et al. 1988; Hoelzel and Dover 199 1) . Block M is well conserved between the six species here, with 100% sequence identity among the cetaceans and with 94% sequence identity between sperm whale and cow. Block L, however, is much less conserved between sperm whale and other cetaceans, with only 58%-65% sequence identity.
Three blocks that had not been previously described were identified in this study. One is at the 5 ' end of the D-loop (block a in figs. 2 and 3) ) while the other two sequence identity with the sperm whale. In earlier studies, discussion of conserved elements focused on three CSBs (CSB-1, CSB-2, and CSB-3) identified by Walberg and Clayton ( 1981) . It has been reported that CSB-3 is not present in the bovine D-loop (Anderson et al. 1982; Brown 1985; Form et al. 1988) , and it seems also to be absent in the cetacean D-loop. CSB-I corresponds to block M, while CSB-2 is at approximately the same position as is block A (figs. (Southern et al. 1988) , orca and minke whale (Hoelzel et al. 199 1 ) , fin whale (Arnason et al. 199 1 ) , and cow (Anderson et al. 1982 ). The alignment is in the 5'40-3 direction between tRNAP" and tRNAPhe. Blocks in the central region, enclosed in dashed lines, have been identified by Anderson et al. (1982) , Southern et al. ( 1988), and Hoelzel et al. ( 199 1) . Blocks K, J, I, H, and G were reported by Anderson et al. ( 1982) . Blocks L, M, and A are those identified by Southern et al. ( 1988) and Hoelzel et al. ( 199 1) . about their function in transcription and replication of the mtDNA. These speculations include a role for CSBs in switching from RNA to DNA synthesis in mtDNA (Chang and Clayton 1985 ) , relief of supercoiling during mtDNA heavy-strand synthesis (Low et al. 1987) , and substrate recognition by a mitochondrial RNA-processing enzyme (Bennett and Clayton 1990) .
While CSBs may have important roles in certain species, there are many examples where these elements are not well conserved, and, therefore, alternative explanations are required. In an alignment of four rat and one mouse species, Brown et al. ( 1986 ) found that CSB-1 had many insertions/deletions and suggested that, at most, only part of this sequence is necessary for mtDNA heavy-strand synthesis. In an alignment of four hominids, substitutions were found in all three CSBs, and part of CSB-2 and 35% of CSB-3 were deleted in the gorilla (Foran et al. 1988) . In a broader phylogenetic analysis of the D-loop, Bogenhagen and Morvillo ( 1990) found that CSB-1 is not well conserved between Xenopus, mouse, rat, and human.
Block M, which is well conserved among the cetaceans and the bovine sequence, corresponds to CSB-1. Also, block A is similar to CSB-2. Although the sequence conservation of block A is not high between the sperm whale and the other cetaceans, a tract of cytosine residues is a common feature. Low et al. ( 1988) reported that specific endonucleases that may function in mtDNA heavy-strand synthesis have specificity for this tract, despite the .fact that this block is found in different locations in different species (e.g., the bovine sequence). It appears, therefore, that certain nucleotides in a CSB may be essential while others are not. It may also be possible that in some cases the exact nucleotide sequence can change while the necessary protein-DNA interactions still function. For example, Fisher et al. ( 1989) reported that only 7 of 22 nucleotide positions are conserved between the human and mouse binding site for mitochondrial transcription factor 1. Despite this lack of conservation in the recognition sequence, transcription factor 1 from either species can locate and bind to the heterologous promoter. This indicates that there may be substantial flexibility in binding-site recognition by the mitochondrial transcriptional factors. This study has shown that many of the blocks previously identified in cetaceans (Southern et al. 1988; Hoelzel and Dover 199 1) are not conserved in the sperm whale. This lack of conservation among cetaceans of certain blocks suggests that these elements are not essential for the functioning of mtDNA. Two blocks that may be important, however, are the well-conserved sequences that correspond to CSB-1 and CSB-2, which have been identified in a wide range of animals.
The sperm whale is an outlier. In this study the sperm whale was compared with orca and dolphin, members of the family Delphinidae, and with fin and minke whales, members of the family Balaenopteridae.
Perhaps a greater appreciation of sequences in the D-loop that are important for the functioning of the cetacean mtDNA could be derived from an analysis of species-such as the dwarf and pygmy sperm whales (members of the same family as the sperm whale-Physeteridae), and members of the Ziphiidae (beaked whales) -that are more closely related to the sperm whale than are those used here.
